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ABSTRACT

Recently, altermagnets demonstrate numerous unique physical phenomena due to their inherent antiferromagnetic coupling and
spontaneous spin splitting, which are anticipated to enable innovative spintronic devices. However, the rare two-dimensional altermagnets
have been reported, making it difficult to meet the requirements for high-performance spintronic devices on account of the growth big data.
Here, we predict a stable monolayer Ti2Se2S with out-of-plane altermagnetic ground state and giant valley splitting. The electronic properties
of altermagnet Ti2Se2S are highly dependent on the onsite electron correlation. Through symmetry analysis, we find that the valleys of X and
Y points are protected by the mirror Mxy symmetry rather than the time-reversal symmetry. Therefore, the multipiezo effect, including piezo-
valley and piezomagnetism, can be induced by the uniaxial strain. The total valley splitting of monolayer Ti2Se2S can be as high as
�500meV. More interestingly, the direction of valley polarization can be effectively tuned by the uniaxial strain; based on this, we have
defined logical 0, þ1, and �1 states for data transmission and storage. In addition, we have designed a schematic diagram for observing the
anomalous Hall effect in the experiment. Our findings have enriched the candidate materials of two-dimensional altermagnet for the ultra-
fast and low power consumption device applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0278751

Altermagnetism, a recently discovered magnetic phase, brought
about widespread attention due to the spin splitting and zero net mag-
netization.1–4 Importantly, the emergence of these unique phenomena
does not require the spin–orbit coupling (SOC) effect.1,2 In addition,
the spin-dependent Fermi surface in altermagnets exhibit the planar or
bulk d-wave, g-wave, or i-wave symmetry in momentum space.1,2 It
indicates that the altermagnet has the virtues of resisting external field
perturbations, switching speed, ultrafast spin dynamics of antiferro-
magnet (AFM), and intrinsic ferromagnetic spin splitting. These fea-
tures of altermagnetic materials can induce a series of unique quantum
phenomena, such as the spin splitting induced spin current genera-
tion;5–7 the large anomalous Hall effect comparable to that of FM;8 the
significant spin Seebeck, crystal Nernst, and crystal thermal Hall
effects;9,10 the staggered spin-momentum interaction caused by the
time-reversal symmetry breaking;11 the tunneling and giant

magnetoresistance effect;12 the crystal chirality magneto-optical
response;13 the nonlinear transport;14 the theoretically proposed spin-
splitter torque15 and experimentally confirmed;16,17 and the nontrivial
superconductivity;18,19 which means broad application prospects. To
date, the experimental investigation mainly focuses on three-
dimensional materials such as MnTe,4,20,21 RuO2,

8,17 CrSb,22–24 and
Cr-doped FeSb2.

25 When quantum is confined to a two-dimensional
(2D) system, more abundant physical phenomena will emerge.26,27

Unfortunately, there are a few 2D altermagnets suitable for experimen-
tal research, which is an urgent need to find more altermagnets.

Valley represents the third independent quantum degree of free-
dom for electrons, existing alongside charge and spin properties, which
has caused extensive concern since it offers exceptional potential for
realizing future devices featuring THz-speed operation, unprecedented
capacity, ultra-low power consumption, and nonvolatile data
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retention.28–30 The valley index corresponds to the local energy
extremal points in the band structure. To utilize the valley index as an
information encoding parameter, controlled manipulation of valley
carriers is essential to achieve valley polarization and to realize the
anomalous valley Hall effect. Currently, there are two methods to
achieve spontaneous valley polarization. One method is to break inver-
sion symmetry (P) through ferroelectricity,30 while the other is to
break time-reversal symmetry (T) by magnetism.31–36 They are named
ferroelectric ferrovalley and magnetic ferrovalley. However, the alter-
magnets also break the T symmetry, how does it realize valley
polarization?

In this work, based on the first-principles calculations, we predict
that the 2D altermagnet Ti2Se2S is a candidate material with promising
application prospects in multipiezo and valleytronic. Monolayer
Ti2Se2S exhibits stable out-of-plane altermagnet properties. It shows
the characteristics of semiconductor with the bandgap located at the X
and Y points. Interestingly, the valence band maximum (VBM) and
conduction band minimum (CBM) at the X point are spin down and
spin up bands, respectively, while it is just the opposite at the Y point.
Moreover, the transformation from metal to semiconductor is demon-
strated with the increase in the Hubbard U value. Our results demon-
strate that the uniaxial strain can effectively tune the magnitude and
direction of valley polarization. In addition, the abundant multipiezo
effect, including the piezoelectric and piezomagnetism, can be realized
in monolayer Ti2Se2S. Based on these, we designed the devices of the
anomalous valley Hall effect and the piezoelectric effect. The unique
combination of physical properties in monolayer Ti2Se2S makes it a
highly promising candidate material for multifunctional valleytronic
and spintronic device applications.

Within the framework of density functional theory (DFT), we
systematically explored the magnetic and electronic properties through
the Vienna ab initio Simulation Package (VASP).37–39 The exchange-
correlation energy was treated within the Perdew-Burke-Ernzerhof
(PBE) of the generalized gradient approximation (GGA).40 The
21� 21� 1C-centered k meshes of Brillouin zone (BZ) are adopted.
The plane wave basis set with a kinetic energy cutoff of 500 eV is
employed. The structural optimizations are performed with a conver-
gence criterion of 10�6 eV for total energy and �0.01 eV/Å for
Hellmann-Feynman forces. A 20 Å vacuum layer is perpendicularly
added to the 2D plane (c-axis direction) in the slab geometry, effec-
tively suppressing spurious interactions between the monolayer and its
periodic replicas. To describe strongly correlated 3d electrons of Ti,41

the GGA þ U method is used with the Coulomb repulsion U value of
3.0–4.0 eV. To investigate the dynamical stability, the phonon spectra
are calculated using the PHONOPY package with a 3� 3� 1
supercell.

Monolayer Ti2Se2S behaves a 2D square lattice with the point
group of D4h and the space group of P4/mmm, as shown in Fig. 1(a).
The crystal structure consists of three atomic layers, which the Ti-S
atomic plane is sandwiched between two Se atomic planes, similar to
the monolayer V2Se2O.

6,42 The yellow dotted square indicates the unit
cell. It shows a Mxy mirror and C4 rotational symmetries, which is an
important condition required for altermagnet. The Ti atom bonds
with the surrounding four Se atoms and two S atoms, forming an octa-
hedral crystal field. The lattice constant of monolayer Ti2Se2S is 4.53 Å,
while the bond length of Ti-S and Ti-Se is 2.26 and 2.79 Å, respectively.
As shown in Fig. 1(c), it exhibits the first Brillouin zone (BZ) including

the high-symmetry points. It is worth noting that the bond angle of
Ti-S-Ti is exactly 180�, indicating a favorable AFM coupling according
to the Goodenough-Kanamori-Anderson rule.43–45 We evaluated the
stability of monolayer Ti2Se2S from two aspects. On the one hand, we
estimated its thermodynamic stability by ab initiomolecular dynamics
(AIMD). As shown in Fig. 1(b), the total energy of monolayer Ti2Se2S
shows minimal fluctuation during 5 ps at 300K, demonstrating its
excellent thermal stability. On the other hand, we calculated the pho-
non spectrum to evaluate the dynamic stability. Figure 1(d) shows the
absence of imaginary frequencies, indicating that the monolayer
Ti2Se2S is dynamically stable.

To confirm the magnetic ground state of monolayer Ti2Se2S, we
considered two typical magnetic configurations, namely, the AFM and
ferromagnetic (FM) states. The calculation results show that the total
energy of the AFM state is 66.53meV lower than that of the FM state,
indicating that the AFM is the magnetic ground state. Figure 2(a)
shows its magnetic ground state configuration structure. The impor-
tant factor for the stable existence of 2D magnetic materials is the
presence of out-of-plane magnetic anisotropy energy (MAE). The out-
of-planeMAE can effectively suppress the magnetic moment fluctuations
caused by thermal disturbances and maintain the long-range magnetic
order. The MAE is primarily derived from SOC interactions.46 The MAE
is defined as MAE¼E100 � E001, where E100 and E001 denote the total
energy of the Ti atoms magnetic moment along [100] and [001] direc-
tions, respectively. The MAE of monolayer Ti2Se2S is 0.77meV, which
indicates that the direction of easy magnetization is along the out-of-
plane. In addition, for the octahedral symmetry of monolayer Ti2Se2S,
the MAE can be written in the form of angle dependence,

MAE ¼ K1 cos
2hþK2 cos

4h; (1)

FIG. 1. (a) The top and side views of monolayer Ti2Se2S structure. The yellow dot-
ted square denotes the unit cell. The cyan, orange, and yellow balls represent Ti,
Se, and S elements, respectively. (b) The total energy fluctuation of monolayer
Ti2Se2S during 5 ps AIMD simulation at 300 K. The final structures after AIMD simu-
lation are exhibited in the insets. (c) The BZ of the square lattice is characterized by
its reciprocal lattice vectors ~b1 and ~b2. The C, X, Y, and M are high-symmetry
points in the BZ. (d) The phonon dispersion curves were calculated along the high-
symmetry lines of the BZ.
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where K1, K2, and h are the anisotropy constants and azimuthal angle
of rotation, respectively. If K 1 < 0, it indicates that the easy magnetiza-
tion direction is along the out-of-plane (z-axis), while K 1 > 0 suggests
that it is beneficial to be parallel in the in-plane (x-axis). The MAE of
monolayer Ti2Se2S shows a good fit of Eq. (1) as presented in Fig. 2(b),
and it suggests a pronounced dependence of the MAE on the magneti-
zation orientation within the xz plane. Moreover, the MAE maintains
a value of 0.77meV in the xy plane, which indicates the typical isotro-
pic characteristic.

For the traditional AFM system with the combined T and P sym-
metry (PT), which connects the energy eigenvalues E"(k) and E#(k),
ensuring the spin degeneracy, the P operation only converses the vec-
tor k. Therefore, it can be ensured that the eigenvalues are satisfied
PE"(k)¼E"(�k). However, the T operation can reverse not only k but
also spin, leading to the TE"(k)¼ E#(-k). It indicates that the PT sym-
metry makes certain E"(k)¼ PTE"(k)¼E#(k). The result presented is
spin degenerate bands for the two opposite components. In addition,
the translation operation (t) also produces tE"(k)¼E"(k). Therefore,
the energy eigenvalue of traditional AFM system satisfies
PTtE"(k)¼E"(k). Noted that the spin and real spaces are completely
decoupled in the ignoring SOC effect. Consequently, the spin reversal
operation U generates UE"(k)¼E"(k), where U is exclusively defined
for collinear spin configurations.47–49

Through the aforementioned analysis, the spin splitting of mono-
layer altermagnet originates from the breaking Ut and PTt symmetry.
As shown in Fig. 2(c), the monolayer Ti2Se2S exhibits a semiconductor
state with the Hubbard U¼ 4.0 eV under the absence of the SOC
effect. The valleys of both valence and conduction bands are degener-
ate at the X and Y points. Moreover, the VBM at the X point corre-
sponds to spin down band, while the CBM is spin up. Conversely, this
spin band is inverted at the Y point. When the SOC is included, as
shown in Fig. 2(d), these valleys remain degenerate, since the valley
degeneracy is protected by Mxy symmetry rather than T symmetry in

the magnetic-ferrovalley materials.50–52 It means that the valley polari-
zation can be only obtained by uniaxial strain, which induces symme-
try breaking in the lattice.

It is well known that the on-site correlation Hubbard U value
affects the electronic properties of the system. Therefore, we calculate
the band structures of Hubbard U in the range of 3.0–4.0 eV. Figure S1
shows the band structures without the SOC effect. When the Hubbard
U value is less than 3.1 eV, the monolayer Ti2Se2S is the metallic state.
The U¼ 3.1 eV is the critical point. As shown in Fig. S1(b), the VBM
and CBM just come into contact at the Fermi level. Continuing
increasing the Hubbard U value, the X and Y points open a gap and
become the semiconductor state. When the SOC is switched on, as
shown in Fig. S2, the trend of change is completely consistent without
the SOC effect. It is worth noting that the bandgap is opened in EF-
1.5 eV at the C point, which may have topological properties. As
shown in Fig. S3, the VBM bands are mainly contributed by Ti dxy
orbital, while the CBM band is dominated by Ti dxz and dyz orbitals at
X and Y points, respectively.

The valleys of monolayer Ti2Se2S are protected by mirror Mxy

symmetry rather than T symmetry. Moreover, the valley polarization
does not depend on the SOC effect. If one wants to realize valley polar-
ization in altermagnetic monolayer Ti2Se2S, it is necessary to break the
Mxy symmetry through uniaxial strain. Simultaneously, the rotational
symmetry of monolayer Ti2Se2S will be lowered from C4 to C2. This
valley polarization is named piezovalley. Here, the valley splitting of
monolayer Ti2Se2S is defined as the energy difference DV and DC
between X and Y at the VBM and CBM, DCðVÞ¼EXc(v) � EYc(v).
Therefore, as shown in Figs. 3(a)–3(c) and S4, we investigate the band
structure under the uniaxial strain along a direction ranging from
�5% to 5% without the SOC effect. At the �4% to 1% uniaxial strain,
the VBM remained at the X and Y points. However, the CBM at the C
point is slightly lower than that at the X and Y points. When the uniax-
ial tensile strain continues to increase to 2%, the VBM and CBM have
transformed into the C point. It should be noted that the energy differ-
ence between the C point and the X/Y points is �50meV.
Furthermore, what is even more noteworthy is that they are separated
in the momentum space. Therefore, in the following study, our main
focus is on the valleys at X and Y points. When the uniaxial compres-
sive strain is applied, the CBM band rises at the X point, and the VBM
band drops at the Y point. Consequently, the significant valley polari-
zation produces in the VBM and CBM. The magnitude of the valley
polarization is linearly related to the uniaxial strain. Continuously
increased to �5% uniaxial compressive strain, the monolayer Ti2Se2S
turned into a metallic state. While the uniaxial tensile strain is used,
the VBM and CBM bands at the Y point will be higher than that at the
X point. When the SOC is included, as shown in Figs. 3(d)–3(f) and
S5, the band structure is not much different. It is worth noting that the
SOC effect has a very minor influence on the valley polarization. Here,
we will conduct a comparison by taking �4% uniaxial compressive
strain as an example. In the absence of the SOC effect, the valley split-
tings of valence and conduction bands are 315.06 and 175.58meV,
respectively. When considering the effect of SOC, the valley splittings
of valence and conduction bands become 305.28 and 171.68meV,
respectively, compared with the very small effect of valley splitting
caused by the lattice symmetry breaking.

In addition, Fig. 4(a) lists the global bandgap variations without
and with the SOC effect under the U values ranging from 3.0 to 4.0 eV.

FIG. 2. (a) The magnetic configuration of monolayer Ti2Se2S and the octahedral
crystal field. (b) The angular variation of MAE in monolayer Ti2Se2S, when the mag-
netization orientation is confined within the xz plane. (c) Spin-polarized band struc-
ture of monolayer Ti2Se2S. The red and blue lines denote spin up and spin down
bands, respectively. (d) Band structure of monolayer Ti2Se2S with the SOC effect.
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It further indicates that the trend of band structure changes is consis-
tent without and with the SOC effect. The sole difference lies in
U¼ 3.1 eV. The VBM and CBM are in contact with each other at the
Fermi level, exhibiting a metallic state without the SOC effect, while it
opens the bandgap of 38.30meV with the SOC effect. In addition,
Fig. 4(b) exhibits the valley splitting under the uniaxial strain along a
direction. It is clearly demonstrated that the valley splitting can be sig-
nificantly tuned under uniaxial strain. The adjustable ranges of valence
and conduction bands valley splittings are as high as �300 and
�600meV, respectively. It is far greater than that of monolayer
Fe2Se2O � 350meV (valence band),7 monolayer V2SeTeO� 300meV
(valence band) and �10meV (conduction band),53 monolayer

Nb2SeTeO � 50meV (valence band) and � 350meV (conduction
band),54 and so on.

In a magnetic material, the system’s magnetism is determined by
integrating the spin density over all energies up to the Fermi level.
Hence, the net magnetic moment can be induced in the monolayer
Ti2Se2S by hole or electron doping to shift the Fermi level, such that it
crosses only one valley. Based on the symmetry analysis in the afore-
mentioned text, we know that the valley splitting of monolayer Ti2Se2S
requires a uniaxial strain to break the lattice symmetry. It indicates
that the strain-induced valley splitting in the monolayer Ti2Se2S
affords a method to produce net magnetization. Since the magnetiza-
tion depends on strain, it is named piezomagnetic property. Currently,
the piezomagnetism has been only reported in rare 2D materials, such
as V2Se2O,

6 Fe2Se2O,
7 and V2SeTeO.

42,53 The net magnetic moment is

defined as M ¼ Ð Ef ðnÞ
�1 ½q"ðeÞ � q#ðeÞ� dE, where Ef, n, e, and q"ð#Þ are

the doped Fermi level, the doping density, external strain, and spin up
(spin down) part of the density of states, respectively. As shown in
Figs. 4(c) and 4(d), the uniaxial strained monolayer Ti2Se2S appears
zero net magnetization without doping, since the number of electrons
in the occupied states has not changed. The net magnetization exhibits
a linear response under the small strain, reaching a saturation value as
strain increases. When doped to a certain concentration, the system
exhibits strain-dependent magnetization, increasing under uniaxial
tension or compressive strains. It is worth noting that the net magneti-
zation of the previously reported V2Se2O,

6 Fe2Se2O,
7 and

V2SeTeO
42,53 is opposite under the uniaxial compressive and tensile

strains. The net magnetization of monolayer Ti2Se2S is positive under
both uniaxial compressive strain and tensile strain, and the magnetiza-
tion induced by compressive strain is much larger than that of the ten-
sile strain.

According to the aforementioned calculations and definitions,
the valley polarization is zero, positive, and negative values under with-
out strain, uniaxial compressive strain, and uniaxial tensile strain,
respectively. Therefore, based on the valley polarization, as shown in
Figs. 5(a)–5(c), we defined the logical 0, þ1, and �1 states. This
implies that the uniaxial strain tunes the valley polarization of mono-
layer Ti2Se2S, and it can be used for signal transmission and storage
encoding. In addition, the anomalous valley Hall effect of monolayer

FIG. 3. Spin-polarized band structures of
monolayer Ti2Se2S with the uniaxial
strain, (a) �4%, (b) �3%, and (c) 3%.
The red and blue lines denote spin up and
spin down bands, respectively. Band
structure of monolayer Ti2Se2S under the
SOC effect with the uniaxial strain, (d)
�4%, (e) �3%, and (f) 3%. The valley
splitting of valence and conduction bands
is exhibited by green and carmine shad-
ing, respectively.

FIG. 4. (a) The global bandgap with and without the SOC effect at the different U
values. (b) Valley splitting of monolayer Ti2Se2S as a function of uniaxial strain
along a direction. The valley splitting of valence and conduction bands is signed the
V and C, respectively. (c) The net magnetization per unit cell with the various hole
doping amounts under the uniaxial strain along a direction. (d) The net magnetiza-
tion per unit cell with the various hole doping amounts under the certain uniaxial
strain along a direction.
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Ti2Se2S is shown in Figs. 5(d) and 5(e), when the uniaxial compressive
strain is applied to monolayer Ti2Se2S, as shown in Fig. 5(d). As the
Fermi level is tuned to cross between the X and Y points in the VBM
band, the spin down holes of X valley will be produced and accumu-
lated on the left edge. When the Fermi level is shifted between the Y
and X points in the CBM band, the spin down electrons of Y valley
will be generated and accumulated on the right edge. When the com-
pressive strain turns into tensile strain, the situation will be completely
reversed. As shown in Fig. 5(e), when the Fermi level once again is
moved between the X and Y points in the VBM, the spin up holes of Y
valley rather than the spin down holes of X valley will be generated
and accumulated on the right edge. Since the uniaxial tensile strain has
switched the direction of valley polarization. As the Fermi level is fur-
ther moved to the region between the X and Y points, the spin up elec-
trons of X valley will be produced and accumulated on the ledge edge.
The giant piezovalley effect is anticipated to facilitate multifunction
piezovalley application in monolayer Ti2Se2S.

In conclusion, based on the DFT calculations, we predict that
monolayer Ti2Se2S has an out-of-plane altermagnetic ground state and
giant valley splitting. The bandgap of altermagnet monolayer Ti2Se2S
is highly dependent on the Hubbard U value. The monolayer Ti2Se2S
exhibits a metallic state in the Hubbard U< 3.1 eV, while it becomes a
semiconductor state in the Hubbard U> 3.1 eV. The U¼ 3.1 eV is the
critical point, the VBM and CBM bands are in contact at the X and Y
points of the Fermi level. By symmetry analysis, we find that the X and
Y valleys of altermagnet monolayer Ti2Se2S are protected by the mirror
Mxy symmetry rather than the T symmetry. Therefore, the valley polari-
zation and its switching are achieved via the uniaxial strain along a
direction, uncovering a piezovalley phenomenon. The total valley split-
ting of monolayer Ti2Se2S can be as high as� 500meV. In addition, the
net magnetization can be induced in the monolayer Ti2Se2S doped with
holes at the uniaxial strain, showing a piezomagnetic effect. According

to the valley polarization, we defined logical 0, þ1, and �1 states for
data transmission and storage and designed an experimental schematic
to detect the anomalous Hall effect. Our work has confirmed that mono-
layer Ti2Se2S is an ideal multipiezo effect candidate material, and the
strain engineering offers significant benefits for next-generation multi-
functional nanospintronic devices.

See the supplementary material for the additional results.
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